Beam echoes are a very sensitive method to measure diffusion, and longitudinal echo measurements were performed in a number of machines. In RHIC, for the first time, a transverse beam echo was observed after applying a dipole kick followed by a quadrupole kick. After application of the dipole kick, the dipole moment decohered completely due to lattice nonlinearities. When a quadrupole kick is applied at time τ after the dipole kick, the beam re-cohered at time 2τ thus showing an echo response. We describe the experimental setup and measurement results. In the measurements the dipole and quadrupole kick amplitudes, amplitude dependent tune shift, and the time between dipole and quadrupole kick were varied. In addition, measurements were taken with gold bunches of different intensities. These should exhibit different transverse diffusion rates due to intra-beam scattering.
INTRODUCTION
Echoes are well known in plasma physics, and were also introduced into beam physics [1] . Longitudinal beam echoes were observed in several machines, and used to measure diffusion rates [2] [3] [4] . The technique can also be used to measure transverse diffusion rates.
In the simplest case, a transverse echo is generated by a dipole kick followed by a quadrupole kick. The echo signal appears as a dipole moment long after the initial dipole oscillations have disappeared. We consider only this case, and follow in our notation Ref. [1] .
With a dipole kick the particle distribution is displaced by several transverse rms beam sizes σ. If the particle tune is amplitude dependent the distribution filaments but information on the phase relations between the particles is still retained if the filamentation time is not too long. A quadrupole kick after time τ changes the distribution although it does not affect the dipole moment. After a time τ echo = 2τ a transient dipole moment appears, the echo signal, which can be observed with beam position monitors (BPMs). The process is illustrated in Ref. [5] . Fig. 1 shows a transverse echo measured in RHIC.
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where η max is the maximum betatron amplitude in the echo signal, and a the dipole kick. ω 0 = 2π/T 0 , and is the rms of the unnormalized transverse particle distribution. D 0 is the diffusion coefficient. In the following we describe the measurement setup and report the measurement results.
SETUP
The quadrupole kick is provided by an air-core quadrupole (see Fig. 2 ) that was originally used in the Tevatron's slow extraction system [6] . A pulsed power supply was built to obtain a one-turn kick [7] . The main parameters of the quadrupole are shown in Tab. 1.
All measurements were done at injection by observing the coherent transverse dipole oscillations with BPMs. For most measurements BPMs were used in a standard mode, in which 1024 turns are recorded. For a few measurements some BPMs were used in a special mode, in which up to one million turns can be recorded. A dipole kick is created by injecting the beam under a horizontal angle, leading to dipole oscillations of about 10 mm, or 3.5 σ (see Fig. 1 ). The dipole signal decoheres due to lattice nonlinearities in about 100 turns. The dominant lattice nonlinearities are created by octupoles in the arcs. After a number of turns, typically 450, a quadrupole is pulsed. The quadrupole strength has a rise and fall time of one turn, and thus provides a one-turn kick. Since the orbit did not go exactly through the vertical center of the pulsed quadrupole, its effect can be seen as a weak signal in the vertical BPM. The echo is then visible later as a coherent dipole oscillation in the plane in which the dipole kick was applied. Typical parameters relevant to the measurements are shown in Tab. 2.
MEASUREMENTS
The echo amplitude was observed under variation of a number of parameters, and can be compared with expectations from Eq. (1). These were: the amplitude of the dipole kick a, the amplitude of the quadrupole kick Q, the detuning µ, the timing of the quadrupole kick τ , the horizontal tune Q x , and the bunch intensity N b .
The echo amplitude A echo should be independent of the dipole kick. The dipole amplitude was varied between 5 mm and 11 mm and no significant change was observed. With even larger dipole kicks some beam is lost upon injection and the initial particle distribution is changed.
From Eq. (1) a linear dependence of the echo amplitude on the quadrupole kick strength is expected. Fig. 3 shows The quadrupole kick time τ was varied between 0 and 500 turns. Only in the small range from 400 to 550 turns an echo was observed. In a later experiment with Cu beams, echoes could be observed from 100 to 1000 turns, with a maximum between 450 and 600 turns. In a few cases multiple echoes could be seen at times 2τ , 4τ , and 6τ . One example is shown in Fig. 5 ).
The detuning µ was changed with arc octupoles. A focusing and defocusing family at both dispersive and nondispersive locations exist in each sextant, with a total of 24 families with 132 magnets. All octupoles were set at the same strength. The detuning µ is calculated with a SixTrack [8] model of RHIC, and its value is consistent with the observed decoherence time (see Tab. 2). The scan is depicted in Fig. 4 , along with calculation using Eq.(1) and three different values for D 0 . With no additional lattice nonlinearities, no echoes can be observed. With increasing octupole strength, the echo amplitude A echo increases and reaches a maximum. The amplitude falls off with further strength increase since the memory time of the particles in the transverse distribution is reduced.
The measured curve in Fig. 4 cannot be well reproduced with Eq. (1) . Of all the parameters in the equation, only the diffusion coefficient D 0 is unknown. All other parameters can be determined within 20% accuracy. We can offer a (1) a dipole kick much smaller than the beam size was assumed [9] . Third, only amplitude diffusion was taken into account while phase diffusion can also diminish the echo. Forth, the diffusion coefficient D 0 was assumed to be constant for the whole phase space. Even for rest gas scattering, the diffusion coefficient is proportional to the action [10] , for many other processes it should grow even stronger with the betatron amplitude.
The dependence of the echo amplitude on the transverse diffusion rates was tested in 2 ways. First, the transverse tune was scanned. Close to a low order resonance, enhanced transverse diffusion may occur. No strong dependence of the echo amplitude on the horizontal tune was observed. Second, the bunch intensity was varied from 0.2 × 10 9 to 0.9 × 10 9 , and the transverse diffusion rate changes due to intra-beam scattering [11] . In Fig. 6 the echo amplitude is shown as a function of the bunch intensity. From this the diffusion coefficient can be extracted in principle. Since Eq. (1) failed to reproduce the µ scan, we cannot use it to determine the diffusion coefficient. To obtain diffusion rates, one either needs to refine Eq. (1), or use a simulation to fit the diffusion rate. In 2005 data were also taken with Cu 29+ beams, for which echoes were also observed. The analysis of those data is pending. 
SUMMARY
For the first time transverse echoes were measured in RHIC by applying a dipole kick, followed by a one-turn quadrupole kick. The echo amplitude was observed for changes in a number of parameters. In particular, the observed echo amplitude decreased with an increase in the bunch intensity, likely caused by an increase in the transverse diffusion rates due to intrabeam scattering. For lack of an adequate model, no diffusion coefficients could be obtained from these measurements yet.
